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The  relationship  between  the  creep  and  tensile  properties 
at  elevated  temperature  of  Niaonic  80  - II 

- by  - 

K.  F.  A.  Yfalles,  B.A.,  and  A.  Graham,  i.i.3 c.,  D.I.C. 


The  results  of  a few  experiments  on  creep  recovery  enable  the  argu- 
ments of  Report  No.  R.100  to  be  extended.  A new  form  of  time- temperature 
variable  is  proposed  which,  without  change  of  constants,  satisfactorily  co- 
ordinates N.P.L.  and  Pond-Nickel  long-time  creep  data  on  Mmonic  80,  N.G.T.E. 
short-time  creep  tests  on  Nimonic  80  drawn  from  store,  and  Uond-Nickel  long- 
time data  for  an  early  heat  of  Nimonic  80A.  Apart  from  this  improvement, 
the  situation  previously  reported  is  not  affected.  Support  is  given  for 
the  Andrade  formula  for  creep. 
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1 .0  Relation  to  previous  work 

t •)  \ ( o) 

In  previous  reports  (Graham  1952'  , Graham  and  V/'alles  1952'  ),  a 

general  theory  of  deformation  which  had  been  developed  in  conjunction  with 
the  results  of  creep  and  tensile  tests  on  a commercial  gas-turbine  alloy  is 
described  and  compared  with  experiment.  The  theory  appeared  to  agree  with 
experiment  to  within  the  considerable  scatter  of  the  data,  some  apparently 
systematic  discrepancies  being  considered  due  either  to  inability,  owing  to 
the  limited  experimental,  range,  to  apply  the  theory  fully,  or  to  systematic 
differences  between  the  saaples  of  material  to  which  the  various  sets  of 
data  referred.  At  the  time  it  was  thought  that  no  further  progress  could 
be  made  without  data  that  was  either  more  extensive  or  less  scattered;  how- 
ever, daring  a preliminary  investigation  of  the  possibilities  of  change-load 
and  change- temperature  creep  tests,  a new  fact  was  discovered  which  enforced 
both  a slightly  modified  application  of  the  theory  and  a different  assump- 
tion as  to  the  influence  of  temperature.  The  changes  decided  upon  remove 
the  discrepancies  previously  found  between  the  short-time  data  and  various 
sets  of  long-time  data,  and  improve  and  generalise  the  theory. 

2.0  Previous  work 


Strong  support  was  provided  for  the  view  that 

(i)  the  basis  of  the  relation  between  stress  tr,  strain  e < 

and  time  t is  the  Nutting  equation , 

g s 1 cr^t K (1) 

i;',  6,  and  k being  constants  at  a particular 
temperature, 

(ii)  this  relation  is  however  to  be  applied  incrementally 
so  that,  when  tne  replied  stress  varies  with  time,  each 
increment  of  stress  contributes  its  own  changing 
increment  of  strain;  the  strain  is  then  the  sum, 
according  to  the  Boltzmann  principle,  of  all  the 
strain  increment a( 1 ) , 

(iii)  deformation  takes  place  by  a number  of  modes  acting 
concurrently,  each  of  which  makes  an  independent 
contribution  to  the  strain  in  accordance  with  the 
principles  (i)  and  (ii),  the  total  measured  strain 
.being  the  sum  of  the  contributions  of  all  the  modes. 


In  the  ideal  creep  test,  and  approximately  in  many  practical  tests, 
stress  is  instantaneously  applied  to  a specimen  and  maintained  constant 
thereafter.  All  increments  of  stress  then  occur  simultaneously  and  their 
Boltzmann  sum  for  a single  mode  is  directly  expressed  by  (,1 ).  With  several 
modes  operative  we  then  have 


Pi  *1  P2  *2  Pn«n 

(T  t + g . t q-  t 

*1  +2  *n 


(2) 


in  which  e is  the  total  strain,  the  stress  <r  is  oonstant  for  the  test,  and 
the  if,  3 and  k are  constants  at  a given  temperature. 
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It  was  previously  assumed  that  time  and  temperature  could  be  combined 
into  the  single  variable. 


e h 


log  t \ 

log  tg,/’ 


(3) 


in  which  log  t3  is  a constant;  and  a consequential  result'  ' was  that  k 
should  be  proportional  to  absolute  temperature  T.  In  the  application  of 
(2)  to  a single  creep  curve,  economy  of  hypothesis  dictated  the  use  of  no 
more  terms  than  were  striotly  necessary,  and  no  justification  could  be 
found  for  using  more  than  two  terms  each  with  its  own  freely-fitted  value 
of  k . The  secondary  stage  of  creep  was  thereby  taken  to  be  merely  the 
transition  between  primary  and  tertiary  stages  which  were  represented 
respectively  by  terms  with  k averaging  about  0.6  and  2.8. 

The  theoretical  proportionality  of  k to  absolute  temperature  could 
not  be  directly  detected,  apparently  because  the  small  theoretical  change 
over  the  range  of  tenperature  covered  was  of  the  same  order  as  the  experi- 
mental scatter;  nevertheless  the  variable  0 was  very  successful  in  co- 
ordinating tests  at  different  temperatures.  However,  an  indisputable 
difference  was  found  between  the  values  of  the  constant  log  t8  as  deter- 
mined from  long-  and  short-time  sets  of  data,  and  ext enrol  evidence  point- 
ing to  the  inadequacy  of  (3)  was  discovered  later. 


3. 0 New  evidence  on  form  of  creep  curve 

A prediction  of  the  theory  of  Reference  1 is  that,  after  unloading  a 
creep  specimen,  complete  recovery  should  eventually  take  place  of  the  strain 
contributed  by  any  mode  with  k less  than  1 . In  conjunction  with  the 
representation  of  a creep  curve  up  to  the  apparent  onset  of  accelerating 
jreep  by  a single  term  with  k about  0.6,  this  implied  that  all  the  non- 
accelerating  strain  should  be  recoverable.  However,  when  certain  difficul- 
ties with  the  change-load  and  change- temperature  creep  tests  previously 
mentioned  led  to  a few  tests  of  recovery,  the  results  shown  in  the  self- 
explanatory  figures  1 and  2 were  obtained;  and  it  is  quite  evident  from 
these  that  the  amount  of  strain  recovered  is  often  much  smaller  than  the  non- 
accelerating strain.  Where  the  latter  is  divisible  into  marked  "primary" 
and  "secondary"  stages,  the  recovered  strain  appears  more  nearly  equal  to 
the  primary  strain;  hence  the  assumption  that  all  the  non-accelerating  strain 
is  due  to  a single  term  in  (2)  must  in  general  be  abandoned. 


With  such  direct  experimental  support  for  the  conventional  splitting 
of  the  creep  curve  into  decelerating,  steady  state,  and  accelerating  stages, 
the  Andrade  equation,  which  may  be  written 


e - 


i 

e0  = P*7  + , 


(V) 


the  terms  of  which  correspond  broadly  to  primary  and  secondary  stages, 
deserves  special  attention.  In  this,  e0,  p and  q are  oonstants  for  a parti- 
cular teat.  It  will  be  noted  that 


(a)  (4)  is  a special  case  of  (2)  , 

(b)  Andrade  and  his  collaborators  have  provided  consider- 
able experimental  support  for  his  equation  for  a 
variety  of  materials^) , 
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(c)  the  non-accclerating  portions  of  the  creep  curves 
of  Figures  1 and  2 are  well  fitted  by  (4)  with 

eo  = 0 - 

(d)  according  to  the  present  theory,  only  the  strain 
due  to  the  term  pf3  on  the  right  should  be 
recoverable,  and,  in  agreement  with  this,  the 
amount  of  strain  recovered  in  Figures  1 and  2 is 
about  equal  to  the  contribution  from  this  term. 

The  Andrade  equation  does  not  include  accelerating  creep,  and  the 
inclusion  of  another  term  in  accordance  with  (2)  was  therefore  necessary. 

It  was  found  on  re- analysis  of  the  data  that  the  fit  of  the  two  terms  on 
the  right  of  (4)  to  the  decelerating  portions  of  the  creep  curves  was 
practically  indistinguishable  from  that  of  the  previous  single  term,  and 
that  the  accelerating  strain  that  remained  to  be  accounted  for  was  substan- 
tially the  same  whether  one  or  two  terms  was  used,  ilow,  if  the  exponents 
of  the  first  two  ternis  are  in  fact  the  rational  quantities  y and  1,  it  is 
rather  unlikely  that  the  exponent  of  the  third  term  will  be  an  irrational 
nurifoer  circa  2.8  as  previously  found:  this  number  is  thus  probably  an 
approximation  to  3.  It  was  found  by  trial  that,  with  the  predetermined 
values  -j,  1 and  3,  the  whole  set  of  creep  curves  could  be  fitted  at  least 
as  well  as  with  previous  two  terms  with  freely-adj us table  exponents:  and 
the  new  assumption  was  therefore  considered  justified.  The  change  has  the 
additional  advantage  of  requiring  one  less  adjustable  constant  to  be 
determined  from  a creep  curve. 


4.0  New  form  of  time-temperature  variable 

An  immediate  consequence  of  these  developments  was  that  the  theoreti- 
cal assumption  concerning  the  influence  of  terrperature  could  not  Jt  acuepieo. . 

For  the  success  of  the  Andrade  equation  with  its  fixed  exponents  in  applica- 
tion to  a wide  range  of  materials  tested  at  temperatures  that  are  different 
fractions  of  their  melting-points  suggested  that  the  exponents  of  time  are 
not  terrperature  dependent,  and  hence  that  the  time-tei.pere.ture  variable  ^3), 
which  requires  an  exponent  proportional  to  temperature,  should  be  rejected. 
Analysis  of  the  data  in  accordance  with  the  new  fixui  .exponents  allowed  that 
a suitable  form  for  a new  time-temperature  .variable  / would  be  (see  Appendix) 


log  d = log  t + f (T'  - T), 


(5) 


where  T'  is  a constant;  but  the  data  could  not  establish  the  form  of  the 
function  f , for  more  than  one  choice  could  be  made  whereby,  when  all  the 
available  data  were  analysed . together,  the  overall  fit  was  better  than 
could  be  obtained  with  (3). 

For  theoretical  reasons  that  have  been  partly  t_,ivon  and  will  be  set 
out  more  fully  in  a later  report  - they  are  concerned  with  the  wider-range 
requirements  of  a leforiiiation  theory  - the  suggestion  of  Nutting  was  accepted 
that  temperature  should  appear  in  equation  (1)  symmetrically  with  the  other 
variables  thus: 


3 k v 

e = 0 <r  t T , 


(6) 


in  which  v and  C are  new  constants  and  all  exponents  are  now  independent  of 
terrperature . For  reasons  similar  to  those  given  in  Reference  1,  such  an 
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equation  should  be  applied  increment ally;  and  then,  on  the  assumption  that 
the  incremental  changes  in  respect  of  temperature  are  to  be  sunned  in  the 
Boltzmann  manner  from  some  temperature  1"  (which  may  for  exanple  be  related 
to  a particular  temperature  in  the  history  of  manufacture  of  the  material), 
the  summation  for  creep  conditions  and  a single  deformation  mode  leads  to 
the  form 


C o'  t 


- T)*\ 


(7) 


in  which  C,  P,  k,  T'  and  v are  the  constants  appropriate  to  the  mode.  The 
corresponding  form  of  the  relation  between  time  and  temperature  for  fixed 
stress  and  strain  is  therefore 

t (T*  - T)  ^ = constant,  (8) 

and  thus  the  desired  form  of  equation  6 becomes 
log  = log  t - A log  (T'  - T) 

_A  (9) 

4 = t (T1  - T)  A, 

in  which  A = - v/k  . This  nov:  replaces  (3).  Equation  7 nay  now  be  written 


e 


(7a) 


5.0  New  form  of  creep  equation 

It  was  found  that  (9)  was  experimentally  acceptable,  for  it  would 
correlate  the  long-  and  short-time  sets  of  data  with  a single  choice  of  the 
values  of  A and  T'.  'When  temperature  is  thus  incorporated,  equation  2 is 
replaced  by 


or 


3i  *1  , 32  K2  , 

= C1  cr  nt  (T'.,  - T)  + C2<r  t (T'2  - T)  + 


(10) 


0.  K.  3 p k2 

e = Ci  cr  /( 1 + C2C  ^2 


each  term,  having,  in  principle,  its  own  values  of  the  constants. 

With  attention  limited  to  a single  creep  curve,  only  three  terms  of 
equation  (10),  having  time  exponents  -5,  1 and  3,  could  be  distinguished. 
However,  when,  for  the  family  of  curves,  each  of  these  terms  was  separately 
oross-plotted  in  the  form  log  <7  versus  log  t at  constant  strain  and  teapera- 
ture,  it  was  found  that  the  term  with  time-exponent  3 plotted  not  as  a single 
straight  line  (see  below)  but  as  two  straight  lines  meeting  in  & fairly  sharp 
transition.  The  simplest  explanation  of  this  result  in  terras  of  the  theory, 


r 


\ 
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following  the  lines  of  the  previous  report,  was  that  equation  10  for  the 
present  material  contained  two  terms  with  the  same  time  ejqaonent  k = 3, 
although  with  different  values  of  3 and  C.  Experiment  gave  no  clear  indica- 
tion of  a difference  between  the  values  of  A and  T*  in  the  different  terms 
(see  Section  8.0),  and  the  form  of  (10)  finally  adopted  wets  therefore,  in 
view  of  (9), 


e = Ci <r  ^ V^'  + C2 + (C 3<r^  + C^a*^)  $ ••  ••  (H) 


6.0  hethod  of  reduction  of  creep  data 

A detailed  account  of  the  method  of  reduction  in  terms  of  the  fore- 
going theory  is  given  in  Reference  4.  from  which  the  self-explanatory 
Figure  3 is  taken.  Briefly  it  proceeds  by  resolving  each  creep  curve 
individually  into  its  t3,  t1  and  components  of  strain,  and  then,  for 
each  of  these  components  separately,  and  considering  all  curves  together, 
determining  the  constants  in  the  terms  of  (10)  by  use  of  the  foregoing 
equations. 

It  is  sufficient  for  present  purposes  to  notice  that,  if  t*  is  the 
time  when  any  term  of  (10)  has  unit  value,  then,  for  that  term, 

C<A*K(T'  - ,f)w  = 1 , 

or 

log  C + 3 logo-  = - k log  t*  - v log  (T*  - T) (12) 

which  shows  that  tne  log  cr  versus  log  t*  plot  for  a single  term  at  any  con- 
stant temperature  should  be  a straight  line,  also,  at  any  fixed  stress,  if 

the  term  considered  reaches  unit  value  in  time  t^*  at  temperature  T-j  and 
time  t2*  at  temperature  T2  , (12)  shows  that 

log  C + 3 log  <r  = — k log  t^*  - v log  (T'  - T-j* ) 

= - k log  t2*  - v log  (T*  - T2) (13) 

so  that,  with  - v/k  = A,  and 


j 

1 


I 


log  t-j  * - log  t2*  s A log  t 


(the  displacement  along  the  log  t axis  between  the  lines  for  T-t  and  Tp), 
we  find 


A log  t = A | log  (T'  - T1 ) - log  (T*  - T2)  1 (14) 


which  is  independent  of  stress. 
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With  A and  T'  determined  by  use  of  (14),  time  and  temperature  may  be 
contained  in  the  term  considered  in  a variable  p*;  for  (12)  with  (9)  may  be 
written 


log  C + P log  <T  = - * log  4*  (15) 

in  which  is  the  value  of  the  time-temperature  variable  for  which  the 
strain  contributed  by  the  term  has  unit  value. 

7 .0  Data  analysed 

The  N.P.L.  and  N.G.T.E.  sets  of  creep  data  previously  studied  were 
re-analysed  in  terms  of  the  foregoing  theory  together  with  a long-time  set 
kindly  offered  to  us  by  the  iAond  Nickel  Company  as  probably  being  more 
representative  of  the  heats  used  in  the  N.G.T.E.  experiments  than  their 
standard  tabulated  data  for  Nimonic  80  with  which  comparison  was  previously 
made.  The  data  related  to 

(a)  an  early  heat  of  Nimonic  80  tested  by  the  N.P.L.  at 
temperatures  of  600°C.,  650°C.  and  700°C.  for  times 
up  to  1,300  hours, 

(b)  later  heats  of  Nimonic  90  used  by  N.G.T.E.  for  short- 
time  tests  at  700°C . , 750°C.,  800°C.  and  850°C.,  the 
longest  test  being  of  200  hours  duration,  while  the 
majority  were  completed  in  24  hours, 

(c)  an  early  heat  (Z88)  of  Nimonic  80A,  tested^by  the  ^ 
iaond  Nickel  Company  at  temperatures  of  650  C.,  700  C. 
and  750°G.  for  times  up  to  22,000  hours. 

A limited  further  comparison  has  also  been  made  with  the  tabulated  Nimonic 
80  data,  such  tabulated  data  being  insufficient  for  full  analysis. 

Attention  was  confined  to  strains  below  1 per  cent.  The  rau  data  is 
too  extensive  for  presentation,  but  since  it  was  found  that  the  extended 
Andrade  equation  fitted  the  creep  curves,  except  at  strains  near  to  fracture 
where  cracking  may  have  occurred,  in  almost  every  case  to  within  the  local 
irregularities  of  the  experimental  points,  the  derived  Figures  4 to  6 repre- 
sent the  data  very  closely.  The  scatter  of  the  points  is  mainly  due  to 
variability  of  the  material,  and,  since  the  values  of  k are  now  pre-det ennined, 
the  individual  creep  curves  may  be  closely  reconstructed  from  the  points  that 
are  given. 

8.0  Values  of  A and  T' 


The  above  three  sets  of  data  were  separately  analysed,  and  values  of 
A log  t were  derived  from  the  best  straight  lines  drawn  through  the  plots 
of  log  cr  versus  log  t*  at  constant  temperature  (equation  12);  the  scatter 
of  the  points  wan  however  such  that  owing  to  the  comparatively  small  range 
of  temperature  covered  by  each  set,  reliable  values  of  T'  could  not  be  obtained 
from  any  one  set  of  data  considered  in  isolation.  The  difficulty  of  determin- 
ing these  oonstants  by  creep  tests  of  the  usual  kind  is  that,  in  principle, 
behaviour  at  different  temperatures  and  therefore  of  different  specimens  must 
be  compared,  so  that  uncertainty  introduced  by  variations  of  the  material  is 
at  a maximum.  Accordingly,  and  in  view  of  the  indications  of  tentative 
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analyses,  the  data  for  all  the  materials  was  treated  as  a single  set  for  the 
purpose  of  obtaining  A log  t.  This  implied  that  the  materials  all  had  the 
same  values  of  A and  T',  an  assumption  found  later  to  be  justified  by  its 
full  co-ordination  of  the  data.  The  best  values  of  A log  t for  calculation 
of  these  constants  were  taken  to  be  the  average  of  the  values  from  all  three 
sets. 


Table  I (a)  - (c),  in  which  A log  t relates  to  the  50°C.  interval 
between  the  two  tenqjeratures  at  the  head  of  each  column,  gives  values  for 

1 A 7 

the  t3,  t , and  tJ  components  respectively  of  the  creep  curves. 

Experimental  results  for  the  t^  term  showed  less  scatter  than  for  the 
other  two  terms,  the  scatter  in  this  term  being  small  enough  for  the  marked 
increase  shown  in  Table  1(c)  of  A log  t with  temperature  to  be  beyond  dis- 
pute. Since  use  of  the  previous  time-temperature  variable  0 (equation  3) 
can  only  give  a decrease  of  this  quantity  with  temperature  (see  Appendix), 
the  result  shows  rather  conclusively  that  6 is  unacceptable. 

Reasons  for  the  choice  of  defined  by  (9)  are  given  in  para.  2 and 
in  the  Appendix.  Use  of  this  quantity  with  A = 22.5,  T'  = 1175°C.  was 
found  to  give  values  of  A log  t which  fitted  the  data  for  the  t*  term  to 
within  the  scatter. 

' 1. 

The  values  in  Table  1(a)  for  the  t3  term  suggest  a trend  of  A log  t 
with  tenqierature  in  the  opposite  direction,  namely  a decrease,  but  the  evi- 
dence is  unreliable,  for  the  strain  concerned  was  near  to  the  sensitivity- 
limit  of  the  extensometers  used  in  some  of  the  experiments,  and  loading 
conditions  may  also  have  had  some  effect.  The  three  entries  for  material 
(b)  in  particular  are  uncertain.  The  t1  term,  which  for  this  material 
appears  to  contribute  little  to  the  total  strain,  is  in  many  but  not  all 
experiments  rather  poorly  defined  experimentally.  Since  the  well  defined 
values  of  A and  I'  for  the  t^  term  were  found  to  suit  both  the  t3  and  t^ 
data  to  within  the  considerable  scatter,  they  were  adopted  for  all  the 
terms  in  the  absence  of  justification  for  introducing  additional  constants. 
The  values  of  A log  t calculated  from  the  chosen  values  of  the  constants 
are  shown  in  the  table  for  comparison  with  the  experimental  values. 

9.0  Co-ordination  of  long-  and  short-time  data 

With  A and  T'  established  for  each  of  the  terms  in  (10),  the  data 
for  each  may  be  plotted  separately  against  in  accordance  with  (15),  jf* 
being  the  value  of  ^ (equation  9)  for  which  the  particular  term  of  (10), 
now  reduced  to  (11),  has  unit  value.  The  result  on  the  form  log  a versus 
log  is  given  in  Figures  k,  5,  and  6,  in  which,  as  the  legends  show,  points 
derived  from  different  sources  are  distinguished  by  their  shapes  while  the 
temperatures  of  testing  are  indicated  by  tags.  The  curves  are  a superposi- 
tion of  the  separate  log  o'/log  t curves  (not  shown)  by  displacement  along 
the  log  t axis,  and  therefore  directly  include  the  scatter  due  to  variability 
of  the  material,  increased  perhaps  by  systematic  effects  resulting  from  an 
experimental  error  in  A and  1";  however  such  effects  are  not  reliably  dis- 
cernable;  they  are  certainly  small  for  the  t-5  - now  - term  which  is  the 
most  important . 

If  attention  is  confined  for  the  present  to  stresses  above  8 t.s.i. 
(log  o'  above  0.9),  it  will  be  seen  first  _>f  all  that,  when  each  set  of  data 
is  considered  in  isolation,  results  for  different  temperatures  and  therefore 
different  times  to  reach  the  unit  strain  are  co-ordinated  by  the  common  time- 
temperature  variable  to  within  the  scatter;  for  distances  of  individual 
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points  from  the  best  straight  line  drawn  through  any  set  do  not  vary 
systematically  with  temperature  and  are  of  the  same  order  as  the  separation 
between  points  for  repeat  experiments. 

A.  A 

For  each  set  separately,  the  points  for  the  tJ  and  t terns  lie  to 
within  the  scatter  of  the  material  upon  single  straight  lines  as  required 
(c.f.  12).  For  the  t-'  term  in  (11)  Figure  6 shows  points  lying  upon  two 
straight  lines  in  accordance  with  the  double  nature  of  this  tern. 

So  far  there  is  little  to  choose  between  d and  the  previously  used  6, 
but  the  particular  virtues  of  ^ are  at  once  shown  when  the  different  sets 
of  data  are  compared.  For  the  common  values  of  A and  T'  are  now  equally 
suitable  for  all  three  sets  of  data;  moreover,  the  slopes  of  the  straight 
lines  drawn  through  the  sets  closely  agree,  so  that,  since  these  slopes  are 
K/g  (c.f.  (1,5)),  and  the  fixed  k are  common  to  all  sets,  the  constants  3 
are  also  shown  to  be  common  to  the  several  sets.  In  other  words,  from  the 
present  viewpoint,  the  series  of  materials  that  has  resulted  from  a continu- 
ous improvement  of  the  alloy  from  an  early  stage  of  development  differ  from 
each  other  only  in  a steadily  increasing  trend  of  the  constants  C,  the  later 
materials  being  the  stronger.  The  data  for  the  different  materials,  which 
are  thus  satisfactorily  co-ordinated,  covers  a time  range  of  1 Cr"  to  1 . 

An  important  result  of  the  previous  'work  was  that  the  discontinuities 
in  the  plots  of  log  c r versus  6 occurred  in  the  N.G.T.E.  experiments  and 
i.tond  Nickel  tabulated  data  at  substantially  the  same  values  of  log  c and  6. 
The  latter  data  is  insufficient  for  analysis  into  terms,  and  consideration 
of  it  is  deferred  until  Section  10.0:  however,  a similar  transition  is 
found  in  Figure  6 in  the  iiond  Z88  data  (c).  As  before,  the  N.P.L.  data  do 
not  extend  sufficiently  into  the  low-stress  region  to  reach  the  transition. 
The  transition  was  previously  roost  clearly  marked  at  the  higher  strains,  and 
in  the  present  analysis  it  is  now  seen  to  be  confined  to  the  term. 

Figure  6 shows  that  there  is  again  very  close  agreement  between  N.G.T.E.  and 
tuond  data,  thus  confirming  the  important  point  that  this  transition  of  the 
type  normally  attributed  to  a metallurgical  change,  is  governed  by  substan- 
tially the  same  time-temperature  relationship  as  the  mechanical  variables 
stress  and  strain.  The  above  results  as  a whole  are  fully  consistent  with 
the  view  that  A,  T'  and  3 are  the  same  for  all  the  materials,  and  the  impli- 
cation that  C differs  between  them  is  directly  confirmed  by  a comparison 
between  points  for  different  materials  tested  at  the  same  temperature  and 
stress.  Some  points  of  this  kind  are  indicated  in  Figures  A to  6 to  facili- 
tate comparisons. 


At  stresses  below  8 t.s.i.  the  points  derived  from  the  long-time 
set  (c)  data  do  not  fit  well;  but  the  original  data,  especially  at  small 
strains,  show  inconsistencies  which,  while  probably  not  affeoting  the 
validity  of  the  ordinary  stress/log  time  or  log  stresa/log  time  plots  for 
& given  temperature,  give  rise  to  difficulty  when  the  variation  with  tempera- 
ture is  considered. 

At  these  lower  stresses  (longer  times,  higher  temperatures),  there 
is  & marked  tendency  for  points  to  fall  below  the  line  drawn  through  points 
for  higher  stresses,  and  not  to  be  co-ordinated  by  the  constants  that  have 
been  chosen  for  the  time-temperature  variable.  Tius  may  indicate  the 
presence  of  another  mode  with  different  constants  A and  T',  but  there  is  too 
little  evidenoe  to  establish  the  possibility. 
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10.0  Discussion  and  summary 

As  with  the  previous  time-temperature  variable  6,  use  of  does  not 
necessarily  require  application  of  the  remainder  of  the  theory;  for  the 
present  data  are  satisfactorily  co-ordinated  by  the  principle  that  time  and 
temperature  occur  only,  in  the  cochin at ion 

t (1175  - T)22,5  s J (T  in  °C.) (16) 

Although,  in  order  to  arrive  at  this  result,  the  separate  parts  of  the 
creep  curves  were  analysed  separately,  this  complication  has  been  shown, 
for  the  present  material  and  for  the  purpose  of  this  particular  relation- 
ship, to  be  not  strictly  necessary,  since  all  terms  are  co-ordinated  to 
within  the  scatter  by  using  the  common  constants  in  ^ as  given  in  ( 1 6) . 

In  Figures  7 and  8,  log  cr  is  plotted  for  various  constant  total  strains 
against  log  rfi* , in  which  4*  is  the  value  of  ^ in  (16)  when  t is  such 
that  the  total  creep  strain  in  the  experiment  considered  has  the  values 
0.05  per  cent,  0.1  per  cent,  0.2  per  cent,  0.5  per  cent.  For  these  circum- 
stances, tabular  data  may  readily  be  included,  and  points  for  Nimonic  80 
taken  from  the  Mond  Nickel  booklet(5)  are  accordingly  shown.  The  graphs 
are  consistent  with  a progressive  development  of  the  material. . It  will  be 

3 ted  that  constancy  of  the  total  strain  does  not  involve  constancy  of  the 
, t\  and  t-3,  constituents  of  a creep  curve  (Figures  4-6  are  each  for  a 
constant  strain  contribution  of  the  tern) . Thus  if  the  lines  in  Figures 
4-6  were  straight,  those  in  Figures  7 and  8 would  not  in  general  be  so,  and 
conversely.  Nevertheless,  for  the  present  material,  the  difference  for  the 
two  methods  of  plotting  is  hardly  distinguishable  within  the  scatter.  The 
impression  left  by  a detailed  study  of  the  results  is  that  cross-plotting 
for  constant  total  strain  is  approximate  and  crc3s-plotting  for  constant 
strain  in  a particular  term  is  to  be  preferred,  but  further  work  is  neces- 
sary to  establish  the  point. 

The  possibility  of  predicting  long-time  results  from  short-time 
experiments  is  clearly  demonstrated. by  the  Figures;  the  practicability 
of  doing  so,  however,  depends  both  upon  the  time  and  effort  required  to 
establish  the  two  constants  in  / and  upon  whether,  for  other  materials,  the 
corresponding  constants  are  effectively  the  same  for  all  parts  of  the  range. 
These  are  problems  upon  which  further  work  is  being  planned. 

The  values  of  the  constants  found  for  the  material  in  its  different 
stages  of  development  sire  given  in  Table  II,  and  the  theoretical  lines 
appropriate  to  these  values  are  indicated  in  Figures  7 and  8.  The  lines 
drawn  are  those  for  the  short-time  N.G.T.B.  results  shown  as  filled- in 
circles,  and  these  are  representative  of  those  for  the  other  sets  of  points. 

From  the  constants  given,  the  original  creep  curves  can  be  recon- 
structed to  within  an  error  corresponding  to  the  scatter  of  the  points  which 
is  largely  random.  If  it  should  be  thought  that  the  number  of  freely- 
adjus table  constants  used  in  attaining  this  agreement  is  excessive,  one 
should  reflect  upon  the  minimum  number  that  might  be  expected  successfully 
to  represent  the  creep  of  a complex  alloy  each  of  whose  constituents  is  no 
doubt  able  to  deform  in  a variety  of  ways.  The  constants  apparently  arise 
from  four  important  modes  of  deformation,  all  similar  in  that  they  are 
expressed  by  formulae  of  the  some  type  with  some  common  constants,  but 
different  in  that  some  of  the  oonstants  are  different.  Direct  evidence  for 
independent  inodes  waa  provided  by  the  N.P.L,  creep  data  as  discussed  in 
Section  4.0  of  Reference  1 and  by  the  recovery  experiments  described  in 
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Section  3-0  of  the  present  report.  However,  it  is  a problem  for  the  future 
to  reduce  the  number  of  constants  and  to  establish  their  values  by  indepen- 
dent means.  The  regular  sequence  j,  1,  3,  of  values  of  k engenders  the  hope 
that  similarly  simple  relationships  may  ocour  elsewhere,  and  some  signifi- 
cance may  be  found  in  the  fact  that  the  value  established  for  T',  namely 
1175°C.  is  close  to  the  rolling  temperature  of  1200°C.  used  for  the  material. 

The  relationships  previously  predicted^  and  verified  experimentally^) 
between  the  results  of  creep  tests  and  two  forms  of  tension  test  are  substan- 
tially unaffected  by  the  improvements  made  to  the  theory  in  the  present 
report;  and  to  these  successes  is  now  added  the  experimentally- verified  pre- 
diction that  the  strain  associated  with  the  primary  portion  of  the  present 
creep  curves  is  recoverable.  There  is  now  therefore  firm  evidence  for  a 
commercial  material  for  the  validity  of  the  superposition  or  memory-principle 
in  the  form  in  which  it  has  been  introduced  into  the  theory.  The  particular 
combination  of  this  principle  with  the  Nutting  equation  which  leads  to  (1) 
for  creep  conditions,  and  the  further  assumption  of  independent  modes  of 
deformation  which  leads  to  (2),  is  fully  confirmed  to  within  the  scatter  of 
the  data.  This  is  rather  large,  however,  and  it  appears  unlikely  that  final 
conclusions  will  be  reached  on  the  basis  of  simple  creep  tests  clone. 

This  point  is  of  sufficient  importance  to  be  emphasised,  and  the 
following  resume  of  the  steps  in  the  argument  provides  the  key  to  progress 
in  the  future.  For  it  was  not  creep  tests  alone,  but  the  comparison  of  creep 
with  tensile-test  results  which  showed  up  in  Reference  1 the  deficiencies  of 
a simple  equation  of  state  and  of  the  simple  Nutting  equation;  also  the  same 
conparison  was  needed  to  show  that  the  deformation  modes  operated  concurrently 
rather  than  in  succession.  Similarly  the  need  for  a 3-term  Andrade-type 
expression  for  a creep  curve  is  but  weakly  defined  by  creep  tests,  but  was 
immediately  made  evident  for  the  present  curves  when  creep  and  recovery 
results  were  compared.  Again,  a single  set  of  creep  data  of  the  ordinary 
kind,  even  with  a few  long-time  results,  was  not  sufficient  directly  to 
decide  the  form  of  a time- temperature  relationship;  but  the  relationship 
became  much  more  closely  defined  when  data  covering  a temperature  range  of 
250  C.  was  considered  in  the  light  of  more  general  requirements.  Owing  to 
the  apparent  complexity  of  the  phenomena,  it  is  only  from  widely  dispersed 
sources  that  firm  conclusions  may  be  drawn,  and  in  an  attempt  to  cover  a 
wide  range  of  the  variables,  a collaborative  research  with  other  investiga- 
tors on  a conmon  material  is  being  arranged.  Consideration  is  also  being 
given  to  providing  results  for  other  forms  of  test  than  simple  creep  testa. 
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TABLE  I 

Values  of  A Iok  t 


Temoerature  of 

*1 

600 

650 

700 

750  I 

800 

testing  °C. 

T2 

650 

700 

750 

800 

850 

A log  t material  1 

1 .00 

0.86 

material  1 

S ! 

0.48 

0.92 

0.72 

material  (c) 

0.99 

0.39 

mean  values 

1.08 

0.92 

0.44 

0.92 

0.72 

A log  t material  1 

1.31 

1.25 

material  1 

1 .20 

1 .10 

1 .66 

material  1 

!°) 

1.09 

1 .05 

..  . ...  . 1 

mean  values 

- . i 

1.31 

1.17 

1 .12 

1 .10 

1.66 

A log  t material  (a) 

0.95 

O.92 

material  I 

W i 

1 .00 

1 .18 

1.43 

material  i 

1 .06 

0.94 

mean  values 

0.95 

0.99 

0.97 

1.43 

.06 

.43 

1 .36 

.08 

1 .22 

Calcu- 

lated 

values 

of 

A log  T 


From  equation  (3) 
log  ts  = -17.3 


From  equation  (9) 


See  Section  7.0 

Taking  a mean  time  of  100  hours 


A 


fl 


r 


l 
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Constanta  derived  from  the  analysis 
for  the  three  materials 


All  terms,  A = 22.5,  T'  = H75  0. 


Constant 

x 

t 3 term 

1 

t term 

t^  term  (i) 

t^  term  (ii) 

K 

3 

i 

3 

3 

All 

« 

0 

2.42 

5.85 

22.1 

13.9 

materials 

* V3 

0.137 

0.171 

0.136 

0.216 

. ’ 

log  C - material  (a) 

16.54 

50.77 

146.82 

- 

log  C - material  (b) 

16.14 

50.53 

145.03 

154.74 

log  C - material  (c) 

16.19 

49.63 

143.38 

154.14 

- 
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APPENDIX 


Reasons  for  choice  of  time-temperature  variable  i 

The  discussion  of  paragraph  3 shows  that  change  of  the  exponent  k 
with  tenperature  is  inprobable,  while  no  evidence  has  been  found  that  3 
varies  with  tenperature  - indeed,  if  one  of  the  terms  of  (2)  represents 
elastic  strain,  the  corresponding  3 is  necessarily  unity  at  every  tempera- 
ture - and  it  is  therefore  probable  that  i|r  alone  is  t eraperature-dependent , 
that  is,  f s t (T) . 

The  factors  of  (2)  containing  time  and  temperature  are  then 
t /♦  (I)  3 4 , where  / is  the  time  temperature  variable,  or  in  the  logarith- 
mic form 

log  4>  = log  t + f (T)  (a) 

where  f (T)  = - log  ♦ (T) 


The  experimental  values  in  Table  I show  that  L log  t is  negative 
(since  shorter  times  correspond  to  higher  temperatures) , and,  for  the  t* 
term  at  least,  that  its  magnitude  increases  with  temperature.  An  acceptable 

fora  of  4 must  therefore  make  both  (— and  ( - — \ negative. 

' 3 i V \ a t2  H 


These  quantities  are  given  in  Table  A below  for  several  conceivable 
forms  of  time-temperature  variable,  all  of  which  have  been  chosen  to  give 

negative  values  of  { ■ \ . 

\ a t H 

2 

It  is  seen  that  forms  (i)-(iii)  give  positive  values  off- — ), 

' 3 'r  / 

and  cannot  fit  the  results  of  Table  I:  thus  both  the  previous  variable  6 
and  the  form  (ii)  derived  from  the  classical  temperature  factor  t l ~ are 


ruled  out. 


RT 


The  value  given  by  (iv)  is  zero,  which  is  still  unsatisfactory,  while 
(v),  although  giving  the  required  sign,  has  a fixed  relation  between 

(a — log_t  \ ) (see  fourth  column  of  k)  which  does  not  satisfac- 

^ 3 T • ' 3 r ' 

torily  fit  the  results  of  Table  I.  The  form  (vi)  with  variable  exponent  n 
of  temperature  is  satisfactory  in  that  both  the  magnitude  and  rate  of  change 
of  A log  t are  adjustable:  but  since  two  constants  are  required  to  attain 
this  result,  it  appears  preferable  to  introduce  the  additional  constant  as 
a fixed  temperature  f 1 from  which  T is  to  be  measured  rather  than  as  in  (vi) 
aa  an  adjustable  exponent;  for  it  seems  probable  that  the  temperature  of 
molting  or  of  metallurgical  changes  that  may  occur  in  manufacture  are  parti- 
cularly relevant  to  creep.  Thus  equation  (a)  is  written  in  the  fora 


log  4 = log  t + f (r  - T) 


(b) 
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which  is  equation  (5)  in  the  report.  Either  of  the  modified  forms  ( ii) * and 
(iii) 1 of  f (T*  - T)  now  satisfy  the  neoessary  conditions,  a3  seen  in 
Table  A,  provided  T'  is  greater  than  T;  and  the  choice  between  these  and 
other  possible  forms  is  made  on  the  broad  theoretical  grounds  indicated  in 
Section  4-.0,  Some  support  for  the  chosen  form  (iii)',  rather  than  (ii)'  is 
however  provided  by  the  fact  that  the  value  of  1”  appropriate  to  (iii)'  is 
found  to  be  1175°C.,  a temperature  within  the  manufacturing  range,  while 
(ii)'  requires  a value  above  the  melting  point  of  the  alloy. 


TABLE 


T ime- 1 emp erat ure 
variable 


log  4 = log  t 

(vi) 

log  t>  = log  t 
+ Brn 

(ii)' 

log  ^ = log  t 
C 


Id  log  t^  /a  log  t\ 

( J : sign  i 5—  I : sign 

' d t U \ a t2  V 


e = T - T log  * I log  ts 


log  = log  t - - 

(iii) 

log  a log  t 
+ 1.  log  T 

(iv) 

log  / = log  t 
+ BT 


g t j log  ts  - log  t 


2D 


(n_1)  -n( n-1 )ET^n"2^ 


(T*  - T)2  I (T*  - T)3 


(iii)' 

log  4 = log  t 
- .k  log  (T'  - T) 


(1”  - T)‘ 
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